
Task Lines and

l’aul  G. IIaclm  and Stcphcll  l’. J’(’tc!Is
Jct l’rol)ulsioll  l,aboratjory
California institute of ‘1’ccll]lology
l’asadmla,  California

A bSt}~~Ct,

i%!  71[111 tUSk hllCS and f120tiOTL lJUidCS  a~)~)l’OILChCS

10 ikk:robolics  (LIT! dcscrikd. AffOtiOTL  guides is a muJ
paradigm jOT’ tCkO~)Cldi07L Oj a robot UI]LCI17  ihC @L iS

tklcopcratcd l’Ut]LCr  ihlL ih(! T’O/IOt,  UId t]LC  7cJ/)ot2 iS CO TL -

straimd 10 jollouI Ihc path. continuous commands to
t.}LC robot or{! mdy OILC d~?)LCTISiOILU/:  jorulard,  back, or
}Udi UIOILg  i/LC  lnOtiOIL guide. ~hk lilLCS haVC StLtlt(LSkS

attac}Lcd to llLOtiOIL guides. ~~Lc task lilws and motio~l
guides houc [)c[!IL impkmmtmi  ifk a uiTtu(Ll  Wahty cnvi-
rallflwd to c7Lahlc task dcscriptio~l  and emcui,ion to k
dom ~lt a  llUtlLTd Ilil’tl!d  Idiiy (JrUp]LiCS ClLV~rO?llW:7Lt,

rat/LcT’ t} La,7L  via direct il~tcraction with a command pro-
(/l’alIL. Subtasks  are VC~ll’(!S(:llt. C(ii71i}LC l)irt’(LIIIT  calityclL-

Uil’OILIM!llt  by kOIL$  ai[uchcd  to t}L(3 motion gLidM. 77LC
collLbilLrLtioTL  Ojtaskhlcs [L ILdlllotioTLg uidcs is uaiaabk:
j07’gl”O~lll[l COlltlO1OjS  JlUCCStUt~07Lr0 bOt.9, UlhiC)L~SthC

iTLiti(ll  (l@CatiOIL  jOV i}LiS t[:Ch?lOIOgy.

1. lntroductioll

‘1’110  usc of virtual reality grq)hics cnvirmllllmlt,s
has cnablc(l tll(’ devclol)lncult  of iln])ortant  NCW nlc)des
of telcrol)otics.  ‘1’11(: first telcrobotics  systcvns  pmvicld
lnastlcr-slave telcol)crat,ioll  where the motion  of a slave
N)l)d,  at tll(’ l(:llldc site, follows I,hc lnotiml  of a Itlast,cr
llall(l controller  Inovcxl directly by a hu)nall at a local
site. ‘1’llcsc  systcllls  were later c)lhaucd with force Iw-

flectiml [1, 2] wllcrc tllc forms  bctwwm the robot  and its
cllvimll]llcmt were t,rallsmittd back to the local site o])-

crator ilIrougll  tllc llall(l colltrollcr.  Sllarcd control  sys-
tcllls  (vilmlccd  t(’leol)cratioll by l)rovidiug a real-tilnc
sc]lsory fm.dl)ack control  1001)”  witl]ill the mnotc  s i t e
rol)ot Colltrollcr, such as to provide autnllatic col)ipli-
allcc Colltml w]lilc tllc ol)crator  was il)~)utillg  l)ositiollal
(mn]llall(ls  [3, 4, 2, 5]. Autonomous co]ltrol mlal)lcd
tllc ol)crator  at, tllc local site to scrod comlllauds  to the
l’clllotc robot  COlltlollel to lJC! CX(nltd autol)omously,
tlius  dilnillat,illg  tllc I)(:(xI for continuous feedback to
the ol)crator  [6]. ‘lklcl)rograllll)lillg  combined  fcatules
of tel(?ol)cratiml with autonomous control  and utilizc(l
llcw .gra])hics  tccllllologics  by mlabling  au operator to
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gcmcral e low l(wcl au t ollomous comlaan(ls  via illtcrac-
timl ill a graphical cll}’imlmcnt  and colltinuous]y  scud
tllcm for exccutio)l  011 tllc rclnotc  rol)ot,  a s  WC1l a s
utilizil)g  time (lelaycd  sc]Lsory  fccclback  to update the
calibration of tllc gral)hics  cnvirollmmlt  relative to the
real cnvironmmt [i’]. A historical pmq)cctivc  of telcr-
obotics  call h found ill [8].

I{(quirclncnts  for ground  control of Sl)ace Station
robots  have Illotivat(xl tile dcvclopmcmt of two new
tyl)cs of tc]mol)otics,  task lillcs and motion  guides. The
first comtraint is tlla(  tllcrc  will be a rou]ld trip coln-
municaticms  titnc  delay, 0]1 the order of a fcw scconcls,
for cmltrol  of S1)ac( Station  robots  from Earth [9]. It
is clcsil ccl to have colit iltuous input  from tllc ol)crator
011 tllc! groullcl  for S;lf(!ty ])urposes and to llavc the flCX-
ibilit  y I )rovidcd  l)y tel(q)cratio~l.  Also, it is dcsirecl to
have a systmr) wllic]l  is IIot colnp]icatcd  to operate.

l’lIc  llonlillal  al)l)rmcll  t o  tclcrobotics  f o r  the
Sl)acc Station IIas bc(,]l to USC direct tclcol)c’ratioll. ‘~lic
few scn)nds  til[lc (l(Ilay Illakcs  this optiou  vmy clifficult
with significallt  lisk. 1 ‘review disl)lays [10] and sharccl
control can make this  saf(’r allcl more robust, lmt there
rcmaills  sigliificallt  risk.

‘1’IIc Jet I’rol)ulsio]l  laboratory is currently  fundecl
by NA SA to (Icwc1o1)  tclcrobc)tics  technologies to rccluce
tllc risks in grou)ld  control  of space station Iobots  as
well as increase  ease of usc the tclmobotic  systems for
Cvcntaa] usc lJy the s])acc station px’ogram.  q’ask lines
an(] motion guides were (Icvclol)cd to meet tile needs for
grou]l(]  control of sl)acc station robots. Motion guides
provid(  safe tclcq)(~ratiml  wit]) ti]ne delay. Task lillcs
l)rovi(l( a natural way to s])ccify,  cxcc.utc,  and moni-
tor tad: sc(lucllccs. ‘1’llc systmn in wllic]) the task lines
and motion  guide t(’cllllologics  were implmnclltccl is de-
scribed iu scctioll  2. Motion guides arc described in
sect, ion 3 .  ‘1’ask  lillcs arc dmcribccl in scc,tion 4 .  Rc-
activc  scqucmcil]g, which allows reactive control withiu
th(’ task lillcs framework, is dcscribd  ill section 5 fol-
lowed lry conclusimls  ill scctioll 6.



2. Systcm I)cscription

“1’llc task lillcs and motiml  guides tccllllologics  lla~w
h:]] dcvclolmd witllill  tllc lJ1lificd  Olmrator  lnterfacc
(lJOl)  wllicll IIas h{!]]  dcwclolmd at J] ’l, to act as the
local site olmator iutcrfacc  for Conlmancling  both ma-
IIil)ulators  and rovms. An iml)ortant mlabliug  technolo-
gy for task lillcs a]]d motion guidm  is calibration of the
.yal)llical  Itlodcl to tllc real Cl]virol)mcmt.  q’llis graphics
calil)ratio]l tccl]]]olog,y  is ~)rovidml ill the IJC)I [1 I]. ‘1’his
walks tllc o]wrator  to have confidence  that tjhc virtual
reality Cllvilolllllc:lit,, which tllc task lines and motion
guides arc rcpr~!sclltcd  ill, is a valid rcpleselltatiou of
tllc real task cnvirolllllcl)t.

‘J’hc lJOl  l)mvidcs  i]ltcrfaccs  to a video switcher,
a mnotc  site lnallil)u]ator  colltml  systcm  [1 2], a rc-
nlotc  site visual illslmctioll  systcm [13], two computer
controlled l)all-tilt  l)latforlns,  ouc of which also has a
colnputc]  cmtrollcd zoo]n lCH)S, a six {Icglcc-of-frecdc)l]l
(I)oh’)  lla]ld colltrollcr,  a  s ix  1)01+’ sl)accball,  and a
l)cli(!b ‘1’clcGl{ll’  gralJhics  cllvirmllncnt.  T h e  UOI i s
primarily writ,tcll ill l,is~) wit,ll adclitiona] illtcrfacc  code

writtc]l  ill C.

‘1’hc  rclnote  site has a liobotics Research 7 DOF
mallil)ulator  0]1 o]l tralislatillg rail [12] slid a grippm
wllicll holds IIlllltildc Scllsors and two calllcras.

3. Motion Guides

Motiml guides arc virtual reality gral)hical  rcprc-
sclltatio]ls  of lmt,lls  that a robot, call follow, and the
motion  g u i d e s  call h slmcificd  m modificcl via tclc-
olmratio]l.  ‘J’lIc  robot, is constrai]lcd  to following tile
slwcificd ]mtlls. ‘1’llc l)atlls  arc gcncratml,  disldaycd
a]id modified ill a gral)]lical c]lvironmcnt.  I$igurcs 1, 2,
a]ld 3, show a si]llulatcd  and concspondillg  real ser])clL-
tillc ]Ilani])ulator  followi]Lg  a motio])  guide into a IIolc.

3.1 l’atll Gcllcratio]i

‘1’lICN  am various methods for gcncrati])g  a n]o-
tio])  .guidc. OIlc mct]lod  is  to sam~dc the lmtll o f  a
silnulatcd  robot  wllicll is tclcopcratccl  in a gral)llics cn-
viro]l]nmlt,. Poi])tls  call bc samldcd  at a t e m p o r a l  or
s])atial  r a t e  and tile rcsu]ting  l)atll call l)c filtcmd  tc)
Sl1100t1l  it Out. ‘1’llis (vlaldcs tile flexibility of a tclco])-
crated systclll.  A motion  guide can also h lnadc  up
of l)atll sc.glllcllts which arc cacll gcncratcd  separately
and givcll consistmlt  tratlsitiou col]ditions.  For cxam-
l)lc, lmtll ~millts  could be attached to physical points  ill

Figure 1: Simulated sllakc robot  at start of motion
guide

Figure 2: Silllulatcd  sllakc robot at cnd of motion  guide
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m
Figure  3: llmd sllakc rolmt  at cl)d of motioli  guide in-
side cavity

tllc Clwirolllacllt  such as al)l)roacli locations to objects
or kllowll illslmction  lmints.  Various otllcr  methods can
k utilized  to gmcratc tllc paths for motion  guides.

~’llc orielltatliollal  coml)ollcnt  of the path can be
repmmltcd  ill various ways. Onc option  is to draw the
robot  gril)lmr at, various locations along the path. An-
other ol)tioll is to tllickml tllc path reprcwlltatioll and
clraw a lillc o~i tllc l)atll which twists as the orientation
cllallgcs. ‘1’llc apl)roacll  used ill the curmlt  im@nca-
tatioll is 10 draw a vector pcrpmdicular  to tllc path at
various lmillls  along tllc l)at,ll. I’hc full six DOF  coordi-
nate frame is gmlcratcxl  by assuming that one vector  is
tangential to tllc lJatll, the scc.ond vecto] is pcrpcadic-
ular  to the l)atll and goes through the gripper fingers,
and tllc third vmtor is gcllcratcd  from tllc first two.

3.2 I’atll Modificaticnl

A distillguisllillg  feature of motioa  guides  is that
tllc l)ath can bc easily ]aodificd both lmfore  allcl while
the robot  is laovi]lg alol!g it. For cxaln~)le, for tllc sllakc
manipulator the opcratjor  can poi]lt the path into  the
ccatm of tllc hole before or wlli]c tllc robot  is movitlg
along tllc IIlotion  guide. l’hc  robot  is constrained to
follow tllc Inotioll guide so whml the motion guide is
moved by tllc o~mator,  tllc graphical robot, slid cm-
rcs~)olldin.g  real robot, move along a nlinimal  nornlal
distallcc  to stay ou the motion  guide. The opmator
at the cmltrol  station telcwlmrating  a motion  guide is
SIIOWII ill fisurc 4.

Figures 5 and 6 S11OW  the silnulatcd  Robotics Re-
s e a r c h  7  1)01$ robot, at tllc bqgillllinp, and cnd of a

Figllrc  4: opcratol telcolmlating a motion guide

F’igur( 5: Simulated robot  at Ix3giulling  of motion  guide

nlotioll  guiclc wllic]l  will take  it into  a  t r u s s . Fig-
ure 6 shows tllc silllulatcd  robot  near  the end of the
motio]l guide iusidc of tllc truss. l’hc  left image is the
simulated vim’ fro~ll the gripper camera.  The opera-
tor  tclcolmatcs tllc ]Ilotioa guide to gc]lcratc  a motion
guide whic]l l]mvidcs  a collisioli free path for the robot
a]ld sl]cll that, at tllc mid of the motion guide, tile robot
can SC(!  the alnlaollia  Lottlc.  Figure 7 shows the real
robot IIcar the mid of the motiolL .guidc impcctin.g  the!
anlmollia  Lottlc.

Safe motiml aloIIg tlic l)ath call bc verified ill scv-
cra] ways. ‘1’lic lnotioll  aloug tllc path call bc simulated
hcfor(  having tile I cal ml)ot  move along the path to en-
sure t)lat tllo I)ath is safe. A p]anncd  feature is to have
auto]] Iatcd collision detection  for the robot  at all times
along whole Inoticm ,e,uidc, Ilot for just the current sim-
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F’igurc  6: Sil]lulatccl  robot  IIcar cwd of moticnl guide; loft view is frf)ln g,ri})lmr camera  viewpoint

I“igurc  7: llobot IIcar c]ld of motio]l .guidc
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ulatcd  positio]). ‘J’llis will allow the opmator to kuow
that a motion .guidc mprf!scmts a safe trajectory witho-
ut sq jarately  verifying tllc path via a separate simu-
lation  step.  ~’llc ol,cuator  call then  gcnmatc  or m o d i f y
a pat]) alld auywllcrc  a potmtial collision would oc-
cur, tllc path will be higlllightcd.  2’IIc operator will
tllcul IIlodify the lmtll to avoid that collision. Allothcr
plalllled  feature  is aulmnated obstacle  avoidance. Hcm,
tllc palh will hc au(ollomously  modified to lmwent  the
robot  from ally collisiolls. Tlius  as the opmator .gcm-
eratcs or modifies !I)c motion  pat]), othm  parts of the
patlt \vill be assured to IIot also bc modificcl ill such a
was as to cause a collision.

3.3 Motion  13xccutio)l

Allotllcr  distil)guisllillg  feature of motion guiclcs is
that tllc operator ‘[drives” the robot  dowu the motiou
guide. The motiou  guide provides the spatial path that
the rol,ot  will follow, l)ut IIot tlic time  at which to be at
a u y  ~)oiut. ‘1’l]c olwlator tllcrcforc  i]lputs  OIIC I)OF of
motio] ! to Inovc t l)c ml]ot  forward or backward along
tho lmt 11. IU tllc curl Clit illll)leltlclltatioll,  the operator
p u s h e s  on a sl)aceball,  as showN ill figure 8. I’ushiug
forwal d o]l the sl)acclml]  causes the robot  to move for-
ward alo]l.g th~! l)atll and lJuslLiug backward causes the
rol)ot 10 move back along the path. If the operator dots
not, push on tllc slmccl)all, then  the motion stops. This
drivil]{;  of tllr mboi  almlg tl~c m o t i o n  guide is iudc-
p(!lldmlt of th(, tclcolwrat,ioll  of t}lc motio]l guiclc itself,
so tllc operator cau switch tmtwcm  tclcopcratiug the



Figure  8: olmrator cmnmaudiug  lnotioll  along a  lliO-
tion guide

J+ ’igurc 9: ‘1%1{  lillc for visual, tmn~mraturc,  aud gas
illslwctioll

motiou  guide and driving  tlic robot down the motion
guide,

Allotllcr  mode is I)rovidcd  to the olmrator  where
the olmator call com]nwid t h e  r o b o t  to HLOVC along
the motiml guid(!  at a cmwtaut  ve loc i ty  until a licw
col]llllalld to IIalt or cllallgc direct ion is  givcni.  Wit<li
this  luodc,  the robot  call bc moviug along the motion
.guidc while tllc olmator i s  tt!lcolwratillg  the motiol]
guide 01 cxtclldillg  tllc lnotioll  guide.

4. Task I,incs

Task l,illcs  am visual reprcseutatiol)s  of comlnaud
SCXIUCILCCS  wllcrc visual icous rcl)rcscntiug  subtasks  arc
attached at, diff’crmlt  l)oilits 0]1 lnotion  guides. A task
]iuc for IIlulti-scllsor  illslmtiml is sllowli ill figure 9 with
tllc corresl)olldillg  ma] robot SI1OWN ill figure I(). Auto-
mated visual illslmiion is Icl)rescntcxl  by an icon wllicll
looks like a calncra.  l’cvnpcrature  inspection is repre-
scntcxl by all icon wlliclL looks like a thcmnomctcr.  Gas
illslmction  is rcq)rcsmltcd  by all icon which looks like a

Figure 10: ltobot cxccutiug  tasklillc

clcmd. O]]c go[il with task li]lcs is to provide pro.graul-
millg withiu  tile gral)llical  cllvirolllnmlt.  A list of icons
representing various sul.)tasks  will bc l)mvidccl  within
the graphical cnvirolllnmt which tllc operator cau se-
lect and drag  to desil cd l)oillts OM tllc m o t i o n  guide.
The olmator  will 1x’ ahlc to modify the positions of
tllc icons oli tllc lllc)tion guiclcs as well as modify the
motio~j  guides. ‘J’lIc  olmator  will be able to select an
icon and then  hc l)rcscllted with a pauol which dcxcrilms
tile associatwl  com]nalld  or sub-sequence aucl allow the
olwratim to inl)ut  ~)alml[ctcrs or modify the associated
subtas]:.  l’hc  cunwl graphics environmm(t  limits the
.graphi(al  icom  to bc wire frame  models which limits
tllc visibility of the icons. It is mvisioncxl that icons
will lial’c gcllcric sllalws for specific types of comlnauds,
but th(’n  ILavc slmcific additions to the iccm to represent
slmcifit l)aralllcteri~jatioll  of tllc associated colnmand.

Fi\ure 11 shows  tllc lJnifiecl O p e r a t o r  Iuterface
(UO1) witl, integratc~l task ]iucs, motion  guides, aud
comltlalld  sequcllc(’ gmlcration  and execu t ion . Tllc!
commaud  sequellcc sllow~l below the g r a p h i c s  in fig-
ure 11 is tile colnlllalld  scquc]lce correspondi]lg  to the
task li]lc!. Wlic]lcvm tile co]nlnalld  sequence or task
liuc is modified, tllc comspondiug  task liuc or com-
lnaltd scqucILcc will I)c automatically updatecl  to allow
tile o~](rator  to modify tllc colnma~ld  sequence in the
most conveuiellt  way. 1’01 tllc! laboratory experiment,
tile olxratm aud g] ol]]ld  control  station of figure 8 were
ill ascl)arate buildill~, from the robot  aucl task envimn-
mcut  shown ill figure 10.

tj



l“igum 11: lJllificxl {)l)clatorllltcrfacew’itl~  task lillealld cc)rrcsl)oliclillg cc)li~lllall(l scqucmcc

6



I
Task Line Reactive SequenceI

Location 1: I

Auto visual inspection I

Move next I

Location 2: I

Begin temperature inspection !
Move next I .

I

Location 3: Iei
Auto visual inspection

/

#@

Begin gasinspoction \e*
Zoom graphics

I
Zoom camera

Move next /; Execute small scan

Location 4:

%,

Return to original graphics view,

Auto visual inspection
Return to original camera zoom

Move next
Continue original seen path

Location 5: I

Endtemporature inspection {
Move next I

I
Location 6:

I. . .
I

l’i.gum 12: }';x;illllJlc c) fcolll]llall(l  flo\\rfor task  li1lcwitll
mactivc  SU1)-SNIUCIICC

5. Rradivc %qucmcing

Rcactivc  scqumlcing a l l ows  suh-scqumccs  tc) IN
autmllatically cxccutcd  wllc]l a given cvcllt o c c u r s .
This  is dcl)ictcd  in figure 12 for the task lillc cxlmrimmt
dcsc.rilxxl h(!rc. ‘J’(volmaturc  illslmction  is started at lo-
cation  2. l’hcrcforc  as tllc robot  moves along the task
lillc, tllc temlmraturc is colltil)uously  lIl(!ilSUl(!(l by tlic
point  trmnlwraturc  sc]lsor ill the  gr ipper .  g’hc cxpcr-
]IocNt al)lmratus  inc.ludcd a llcat  source  0]1 t he  t r u s s
l)allcl bctwcml locations 3 and 4. As del)ictcd  ill fig-
ure 12, and as actually occurred ill the actual cxlmi-
lllcnt,  Wllc]l tllc robot  1I1OV(!(I  Ovcl t!hc not spot, the sys-
t(!m clctcctcd that the tcltllmaturw was above tlLc sl)cc-
ificd tllrcsllol(l,  aud the system  automatically init  iatcrl
the su&s(Jqu(Illc(J  dmcrilml ill figorc 12. l’hc  graphics
view autolnatimlly was zoomc(l  ill the tllc ar(!a where
tll(! liot sl)ot was d(!tcctcd. ‘J’lIc  caltlcra  was automati-
cally co]nlnalldcd  to lmillt all(l zoolo ill oll the dctcctcd
hot sl)ot. ‘.l’hc robot was autolnatically coltlmalldcd  to
bc.giu a small amlditu(lc,  high frequency scan of tile
area wI](:w 111( I hot slmt was clctcwtccl. After the small
scan was colllld(!tc(l,  the sys(c]n  automatically ret unlcd
the .gral)llics view to its view wllc]) tlic IIot sl)ot was
dctcctcd  all(l comlnall(lc(l the camera to Ictum to its
pan-tilt-zo(ntl  state that it was in before the hot s~jot
was dctcctcd. ‘J’llcIl tllc robot, was autolrlatical]y  com-
maud(d  to cnltilluc on its original  scan )Jath.

T] ic react ivc scquc]Iccs  arc associated with cvcllts
wllicll arc s~)ccific(l itl tllc t a s k  l i n e  commands. 111
this  case the tmnl)cl aturc inspcctiou  comma~l(l sl)cc-
ifiml for the systcm]  to  signal a tcmpcraturc  anomaly
cvcut  JVILCN the nlcasur(!(l  tcmpcraturc  r ises  above 95
dcgrccs F’ahrmilicit. ‘1 ‘l)crc l[lay h(! rcactivc  scclucnccs
a s s o c i a t e d  with ILu][Icrous  cvcllts.  Automatccl  sclcc-
tioll of graphical vim’s, automated simulation of robot
motiol],  a~Lcl auton)at(d gcllcratiou  of camera pan-tilt-
zoom ( omma]l(ls arc co]llloallds  within  a mactivc  sc-
qumlcc associated willl tllc “MOVC next” commall(].
Wllcncvcr  a “Move IIcxt” comloalld  is issued, t hcsc op-
crat ions arc p(’rfor]nc(l before moving the rol~ot. Tlic
systcnl  first autolllatica]ly  selects a best graphical view
to olmvwc the Itlotioll a)ld then simulates the robot
HIOtiOll.  ~]lCll thC l)CSt CalllC1’a iS SCICCtCd all(l pall-tilt-
zoom (ommands  for t]] at camera  arc sclcctccl  ancl sent
to the camera. ‘1’llc]l  tllc colnloallds  arc scllt to the real
robot

6. Conclusions

l’llc  ncw task lill(,s allcl motion guicles approaches
to telcrobotics  have l)ccll dcscribcd  along with their
illll)lclllclLtatioll aud u sc  ill a mal tclcmbotic systcm.
Motion guiclcs is a valuable ncw mcthocl for tclcop-
cratioll  where  tllc path is tclcopcrated  in a graphical
cllvimllmcnt  and tllc robot is constrained to follow the
path, ;]s opposed to tr;i(litioual  tclcol)cration  where the
robot is tclcolmat(d dircc.tly. “J’ask lilies is a valuable
ncw nl(’thod for colnlllall(]  scqucmcc gcmration and vi-
sualization wllicll is lILorc  intuitive and easy to USC than
using command  progratns  clircctly.  ‘1’llcsc  technologies
have 1)(c]) devclo]ml  and (Imnollstratcd  ill a laboratory
systcul.  TIIcy arc l)lallltc(l tc) Lc transfcrlccl  to Jolinson
Space C;clltcr ill tllc colnillg
IIltcrllatiollal  Sl)acc Station
systems.
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